This paper presents a study of phytoliths (opal silica bodies from plants) from sediment sequences 26 obtained from two tropical forest patches in the Western Ghats of India: a sacred grove (sequence 27 covers last 550 cal years BP) and a forest patch in a plantation (sequence covers last 7500 cal years 28 BP). The sites are located at mid-elevation (c. 650-1400 m above sea level) in a mosaic landscape 29 showing anthropogenic open habitats as well as some evergreen forests. The aim of this paper is to 30 evaluate the landscape composition of grassland and forest over time in the region, grassland being 31 invariably shaped by anthropogenic activities, particularly fire for cultivation. We identified and 32 classified phytoliths into 34 morphotypes from five taxonomic groups: Poaceae (grasses), 33
Introduction 49
Recent palaeoecological studies in the Western Ghats of India have analysed fossil pollen grains and 50 charcoal time-series to show the importance of grassland-forest dynamics in a human modified 51 landscape (Bhagwat et al., 2012; Bhagwat et al., 2014) . However, it is desirable to consolidate these 52 findings with an independent line of evidence and with an improved taxonomic identity of grasses 53 (Poaceae) and broad-leaved trees to better understand the dynamics of the whole system. 54
The origin of mid-elevation (c. 650-1400 m a.s.l) grasslands vegetation mosaics in the Western Ghats 55 remains controversial because the date of initial forest removal for agricultural proposes is 56 unattested. It is believed to be around 6000 and 3500 cal years BP (Caratini et al., 1994 ) but earlier 57 agricultural activities might have existed in the region throughout the Holocene (Caratini et al., 1994 ; 58 Chandran, 1997 ). It remains difficult to ascertain using pollen studies alone (e.g. Bhagwat et al. 2012, 59 2014) whether the grassland-forest dynamics are solely induced by human activities. . Therefore, 60 using phytolith as a proxy here we consolidate the understanding of landscape dynamics in the mid-61 elevation forest-grassland mosaics of the Western Ghats of India. 62
Except for a few cultivated grass species corresponding with cereal grains, the identification of 63 grasses in temporal sediment sequences has always been a challenge in palaeoecology due to the 64 limitations in identifying fossil pollen grains at sub-family level (Fearn, 1998) . However, grasses are 65 excellent environmental indicators (Ghosh et al., 2011) and they also give information on dominant 66 photosynthetic pathways (C3 or C4 grasses) that can be directly interpreted in terms of 67 environmental and climatic conditions (Edwards et al., 2010; Gu et al., 2008; Strömberg, 2011) . 68
Phytoliths, the opaline silica bodies precipitated in or between cells of plant tissues, form a useful 69 proxy because provide additional information about changes in grass diversity over time that pollen 70 grains alone do not. This information can provide further insights into whether the presence of 71 grassland in landscape mosaics is due to human activities, environmental causes or purely climatic 72 Cynodon dactylon), Panicoideae (Cenototheca lappacea, Oplismenus compositus) (e.g. Prasad, 1985 ; 133 Surrey and Everett, 2000) . According to the ecology of Pooideae grasses it is unlikely that they occur 134 in the environments of our study sites (Surrey and Everett, 2000) . This subfamily is present in the 135 Nilgiri Hills at higher elevation and in open grasslands, not under the forest canopy (Singh 2003) . 136 137 Finally, the Western Ghats receives rain from the southwest monsoon. The average annual rainfall in 138 the evergreen forests ranges from 3500-7500 mm. The climate is generally warm and humid with 139 maximum temperature of 30ºC and minimum of 0ºC in high elevations (Pascal 1982) . More details 140 on the coring site can be found in Bhagwat et al. (2012) and Bhagwat et al. (2014) . 141 142
Material and Methods 143

Phytolith extraction, identification, and classification 144
From BOP site we analysed 19 samples covering 168 cm, and for MY, 9 samples over 36 cm. 145
Phytolith isolation from the core BOP and MY was carried out following Pipernos (1989) protocol. 146
The process includes: carbonate removal, deflocculation, oxidation, and gravity separation with a 147 heavy liquid. After drying, phytoliths were embedded in Canada balsam and transferred to slides for 148 microscopic observation. 149
Phytoliths were identified throughout the sedimentary sequence for MY, however several levels in 150 BOP had very low number of diagnostic phytoliths and so had to be excluded from our analysis. 151
Counts ranged from 200 to 300 taxonomically significant phytolith per sample. The identification 152 was carried out following relevant literature (Gu et al., 2008; Pearsall, 2013; Piperno, 1989; Piperno, 153 1998; Runge, 1999) . Analyses were performed on relative counts (percentages). The phytoliths were 154 divided into morphotypes. BOP site contained 34 distinct morphotypes from 5 broad taxonomic 155 groups; and MY site, 27 distinct morphotypes from 5 groups. The broad taxonomic groups were 156 grasses (Poaceae) sedges (Cyperacaeae), ferns (Pteridopsida), palms (Arecaceae), and broad-leaved 157 trees (woody dicotyledons) (Fig. 2, Table, 1) . 158
In the absence of a phytolith reference collection from modern vegetation at the coring sites, we 159 followed the most relevant literature and interpreted our phytolith morphotypes as described in 160 Table 1 . In particular, we based our classification on Gu et al. (2008) , another phytolith investigation 161 from dipterocarp evergreen forest in Asia. The attribution of some of our morphotypes to Poaceae 162 subfamilies such as Panicoideae remains tentative because a thorough investigation of all grass 163 species growing at the study sites and of their phytoliths was beyond the scope of this paper. The 164 approach we followed has been successful for many other palaeoecological phytolith studies in the 165 past (see e.g. literature review in Piperno, 2006) . Only the correct classification of phytoliths into 166 indicator of grasses and forest was critical in this study. It was not affected by the imperfect 167 knowledge of phytoliths produced by local flora because the distinction between our 5 broad 168 taxonomic groups is a very robust one that can be applied across the world. conditions, while a low Iph value indicates warm and humid conditions. 185
In addition, we calculated Cyperaceae percentages relative to the whole assemblage (sum of 186 identifiable phytolith) as this family of plant is considered to be a reliable indicator for wet local 187 conditions. 188
Geochronology 189
In this paper we used detail on C 
Results 198
7000 years of phytolith assemblage 199
Grasses (45-68%) and broad-leaved trees and shrubs (8-30%) dominated the assemblage (Fig. 2) . 200
From broad-leaved trees and shrubs category, globular granulate phytoliths were the best 201 represented in both sites ( Fig. 1 and 2 Chloridoideae), and rondel morphotypes showed low percentages (maximum of 15%). During this 208 period there was also a general decrease in broad-leaved trees and shrubs (from 20% to 5%) most 209 noticeable in numbers of globular granulate phytoliths counted. This decrease in broad-leaved trees 210 and shrubs was followed by a decrease in ferns (from 8% to 5%), palms (from 12% to 5%), and an 211 increase in Cyperaceae (from 8% to 12%) during the period of time covering the last 3000 to 1000 212 years ago. For this site, the number of palm phytoliths recorded reached their peak at the top of the 213 core (15%). Grasses selected in figure 2b showed a general decrease of grasses morphotypes 3000 214 years ago, followed by an increase until 1000 years ago (Fig. 2) . 215
As for the sacred site MY: grasses, Cyperaceae, ferns, broad-leaved trees, and palms were observed 216 throughout the core. trends there is an increase towards the present in pollen percentages from 10% to 40% (with a peak 227 of 45%) and for phytoliths from 45% to 55% (with a peak of 70%). In the MY site, there is a general 228 decrease in grasses. The pollen data set showed a decrease from 45 % to 10% with a peak 300 years 229 ago of 40%. The phytolith data displayed a plateau of 60% with a slight increase from 550 to 300 cal 230 BP. During the last 100 years phytoliths decreased to 40%. the abundance of Cyperaceae is also observed (Fig. 2) . Iph values in this part of the core remain 242 systematically low, until approximately 150 cal years BP, where a value of 0.31 is observed. This 243 period is also characterised by a sample where no Cyperaceae were present, suggesting punctual 244 arid conditions. 245
Discussion 246
We start by highlighting the main local changes observed over the last 1000 years. We will end with 247 a final section comparing our results with regional climatic trends, with emphasis on the earlier 248 periods covered in our phytolith study. When possible we will refer to the taxonomic origin of each 249 phytolith morphotype (table 1) . 250
Phytoliths and local human activities in a forest patch in a coffee plantation (3500 cal years to 251
present) 252
Research has shown that agricultural landscapes were established over 3000 years before present in 253 the Western Ghats (Ranganathan et al., 2008) . The so-called megalithic period, between 3000 and 254 1000 years ago saw the Western Ghats be subjected to agro-pastoralism, and shifting cultivation. Also important is the slight increase seen at the very top of the core in broad-leaved trees phytoliths. 267
The slight increase is interesting, as cultivators of betelnut palm and coffee are known to shade their 268 crops with taller surrounding trees (Bhagwat et al., 2005 ). This fact is also supported by the palm 269 spherical echinate phytolith morphotype, which show a steady increase throughout the last 1000 270 years, with a peak of 16% at the top of the core (Fig. 2) . This modern peak in palm phytolith 271 coincides with the current land use at the site i.e. cultivation of coffee and betelnut palm. increase of broad-leaved trees and a decrease in grasses. Our phytolith results confirm the pollen 292 data obtained in this palaeoecological study (Fig. 2, Fig. 4 ). However our new phytolith data set 293 provides some minor differences. For example, we show that grasses decrease at around 200 cal 294 year BP, while this trend started around 400 years ago according to the pollen record (Fig. 4) . 295
Bambusoideae and Panicoideae are the first grasses to decrease followed by an increase in broad-296 leaved trees for the last 120 years (Fig. 2 and Fig. 4) . The delayed increase in broad-leaved trees 297 phytoliths (200 years after evergreen forest pollen grains increased) might suggest a forest recovery 298 at landscape level, with tree pollen from nearby forest blown to the coring site, followed by a local 299 forest recovery during the last century. 300
These results suggest a good development of canopy cover modifying the microclimate and soil 301 moisture due to increased shading of the forest floor (Fig.2 table 1) . During this period then, the 302 local community would have prevented the site from human disturbances such as intensive timber 303 harvesting (Chandran, 1997) , and instead used the site as an important source of non-timber 304 products (Brown et al., 2006) . 305
Phytoliths in the regional context (7500 to 3500 cal years BP) 306
Although the aim of this paper is to focus on the local ecological and climatic conditions, the Iph 307 index calculated compares well with regional patterns during the period of time between 7500 and 308 3500 cal years BP. 309
Multi-proxy palaeo-reconstructions of monsoon intensity in India have identified a range of arid and 310 humid periods for the last 10,000 years. For example, research by Rajagopalan et al. (1997) 
in the 311
Nilgiri hills, Western Ghats, found a moist period peaking between 10000 -5000 cal BP, as a result of 312 higher annual precipitation in Southern Asia. Also in Southern India, (Veena et al., 2014) found warm 313 and dry climatic conditions between 6200 and 420 cal BP, but with short and intense wet phases. 314
These wet events resulted from the strengthening of the monsoon causing rising water levels. These 315 climatic changes were inferred by changes in pollen composition, i.e. increase in evergreen forest 316 pollen types, increase in mangrove, and decrease in grasses. Therefore, our phytolith data might add 317 some information to these regional arid and wet events. 318
First, in the oldest section of the BOP sedimentary sequence (from 7500 to 6000 cal years BP) the 319
Iph displayed the lowest values (0.19 -0.07) (Fig.3) , suggesting high humidity. This is reflected in the 320 increase in: Cyperaceae and Panicoideae phytoliths. This wet phase, would have favoured the 321 expansion of forests within the Western Ghats, producing the high levels of soil moisture needed by 322 trees to remain sufficiently hydrated to perform photosynthesis (Kramer, 1969) . This is reflected in 323 the peak abundance of globular granulate phytoliths in this period (18.81%). Relatively high 324 percentages of Bambusoideae and Arundinoideae grasses are also observed indicating a densely 325 forested environment. Thus, the dominance of phytoliths of broad-leaved trees and shrubs and low 326 Iph (<0.3) values correlate well with the regional records of the time. This also concurs with other 327 research demonstrating high annual precipitation during the early to mid-Holocene in southern Asia 328 (Tiwari et al., 2010) . 329
Finally, an arid period at 3500 has been recorded from different sedimentary cores across India. For 330 example a drastic reduction in humidity from 3500 cal years BP has been found in a marine core off 331 the coast of Western India using δ13C values and marine microfossils (Caratini et al., 1994) . This arid 332 phase is also suggested by e.g. (Prasad et al., 2007) in Gujarat (eastern part of India) and (Phadtare, 2) We have seen that Panicoideae phytolith are the most abundant grasses in both sites, followed by 345 those originating from Bambusoideae, Chloridoideae, and Arundinoideae. 346
3) We can only provide limited information about crop composition. We know that the current crop 347 production in our sites is limited to coffee and betelnut plantations. In agreement with this, we have 348 not found any cereal phytolith at any time period. In addition, our record indicates an increase in 349 palm phytolith in the last 100 years, likely to reflect the establishment of Betelnut plantation. 
